ABSTRACT: We report an all-optical time-domain detection of picosecond magnetization dynamics of arrays of 50 nm Ni 80 Fe 20 (permalloy) dots down to the single nanodot regime. In the single nanodot regime the dynamics reveals one dominant resonant mode corresponding to the edge mode of the 50 nm dot with slightly higher damping than that of the unpatterned thin film.
resolved data was recorded for a maximum duration of 1 ns and this was found to be sufficient to record all important features of the dynamics including the spectral resolution of the double peaks for the sample with S = 50 nm and measurement of the damping coefficient. Figure 1(c) shows the timeresolved reflectivity and Kerr rotation data from the array with separation S = 50 nm at a bias field H = 2.5 kOe. The reflectivity shows a sharp rise followed by a bi-exponential decay. On the other hand the time-resolved Kerr rotation shows a fast demagnetization within 500 fs and a bi-exponential decay with decay constants of about 8 ps and 116 ps. The demagnetization and decay times are found to be independent of the areal density of the arrays. The precessional dynamics appears as an oscillatory signal 2 above the decaying part of the time-resolved Kerr rotation data. The bi-exponential background is subtracted from the time-resolved Kerr signal before performing the fast Fourier transform (FFT) to find out the corresponding power spectra. Fig. 2(b) ) shows a dominant single peak at 9.04 GHz. As S decreases the precession continues to have a single resonant mode but the peak frequency generally increases with the decrease in S. For S = 150 nm, the peak frequency decreases slightly although the errors bars are large enough to maintain the general trend of increase in the frequency with the decrease in S as stated above.
At S = 50 nm the single resonant mode splits into two closely spaced modes with the appearance of a lower frequency peak. In Fig. 2(c) , we show the FFT spectra of the time-resolved magnetization obtained from micromagnetic simulations of arrays of 7 × 7 dots using the OOMMF software. 33 In general, the deviation in the shape and dimensions as observed in the experimental samples are included in the simulated samples but the precise edge roughness profiles and deformations are not always possible to include in the finite difference method based micromagnetic simulations used here, where samples are divided into rectangular prism like cells. In the simulation the arrays were divided into cells of 2.5 × 2.5 × 20 nm 3 dimensions and material's parameters for permalloy were used as γ = 18.5
MHz/Oe, H K = 0, M S = 860 emu/cc and A = 1.3 × 10 -6 erg/cm. The material's parameters for permalloy were obtained by measuring the precession frequency of the unpatterned thin film as a function of the inplane bias field and by fitting the bias field variation of frequency with Kittel's formula. The exchange stiffness constant A was obtained from literature. 34 The lateral cell size is well below the exchange elements may cause much faster decay of the propagating mode as opposed to that in the much larger array of 100 × 100 elements studied experimentally. In Fig. 3(a) , we plot the precession frequency as a function of the ratio of width (w) to centre to centre separation (a), where a = w + S. For w/a ≤ 0.25 (S ≥ 150 nm) the frequency is almost constant but for w/a > 0.25 (S < 150 nm) the frequency increases sharply both for the experimental and simulated data. We fit both data with Eq. 1 including both dipolar and quadrupolar interaction terms.
where A and B are the strengths of the dipolar and quadrupolar interactions. The fitted data are shown by solid lines in Fig. 3(a) . The simulated data fits well with Eq. 1, while the fit is reasonable for the experimental data, primarily due to the large deviation in data points for the arrays with S = 75 and 150 nm. However, the theoretical curve passes through the error bars for those data points. The quadrupolar contribution is dominant over the dipolar contribution as is also evident from the sharp increase in the frequency for w/a > 0.25. The dipolar contributions extracted from the curve fitting are almost identical for both experimental and simulated results, whereas for the experimental data the quadrupolar contribution is about 30% greater than that for the simulated data..
VARIATION OF DAMPING OF PRECESSION WITH AREAL DENSITY OF THE ARRAYS
We have further investigated the damping behavior of the nanomagnets in the array. The time domain data was fitted with a damped sine curve ( )
where the relaxation time τ is related to the Gilbert damping coefficient α by the relation
, f is the experimentally obtained precession frequency and φ is the initial phase of the oscillation. The fitted data is shown by solid lines in Fig. 2(a) . The damping coefficient α, as extracted from the above fitting, is plotted as a function of the inter-dot separation S along with the error bars in Fig. 3(b) . The sample with S = 200 nm shows the lowest α of about 0.023. This value of α is slightly higher than the damping coefficient (0.017) measured for a permalloy film of 20 nm thickness grown under identical conditions to those for the arrays of permalloy dots. Since the dots are magnetostatically isolated, the increase in damping due to the mutual dynamic dephasing of the permalloy dots is unlikely for S = 200 nm. Another possibility is the dephasing of more than one mode within the individual dots, 36 which is also ruled out due to the appearance of a dominant single mode in the individual dots. Hence, we believe this increase in damping is possibly due to the defects 37 produced in these dots during nanofabrication, which is quite likely due to the small size of these dots. As S decreases, the magnetostatic interaction between the dots becomes more prominent and hence the mutual dephasing of slightly out-of-phase magnetization precession of the dots in the array becomes more prominent, 31 and consequently α increases systematically with the decrease in S down to 75 nm. At S = 50 nm a different situation arises, where the single resonant mode splits into two closely spaced modes and the apparent damping (square symbol in Fig. 3(b) ) of the time-domain oscillatory signal jumps suddenly from 0.032 to 0.066. Clearly, this is due to the out-of-phase superposition of two closely spaced modes within the array, as shown later in this article. In order to understand the correct damping behavior of the uniform resonant mode we have isolated the time-domain signal for the mode 1 from the lower lying mode (mode 2) by using fast Fourier filtering. The extracted damping of the filtered time-domain signal for the sample with S = 50 nm is about 0.033, which is consistent with the systematic increase in the damping coefficient of the arrays with decreasing S, as shown by the circular symbols in Fig. 3(b) .
MICROMAGNETIC ANALYSIS OF THE OBSERVED PRECESSIONAL DYNAMICS
In order to gain more insight into the dynamics, we have calculated the magnetostatic field distribution of the simulated arrays and the contour plot of the magnetostatic fields from the 3 × 3 dots at the centre of the array is shown in Fig. 4 . At larger separations the stray fields from the dots remain confined close to their boundaries and the interactions between the dots is negligible. As the inter-dot separation decreases the stray fields of the neighboring dots start to overlap causing an increase in the effective field acting on the dots and consequently the corresponding precession frequency. At S = 50 nm the stray field is large enough to cause a strong magnetostatic coupling between the dots and hence the collective precession modes of the dots in the array. 31 The 
METHODS
Square arrays of permalloy dots were prepared by a combination of electron beam evaporation and electron-beam lithography. A bilayer PMMA (poly methyl methacrylate) resist pattern was first prepared on thermally oxidized Si(100) substrate by using electron-beam lithography and permalloy was deposited on the resist pattern by electron-beam evaporation at a base pressure of about 2 × 10 -8 Torr. A 10 nm thick SiO 2 capping layer was deposited on top of permalloy to protect the dots from degradation when exposed to the optical pump-probe experiments in air. This is followed by the lifting off of the sacrificial material and oxygen plasma cleaning of the residual resists that remained even after the liftoff process.
The ultrafast magnetization dynamics was measured by using a home-built time-resolved magneto-optical Kerr effect microscope based upon a two-color collinear pump-probe set-up. The second harmonic (λ = 400 nm, pulse width ~ 100 fs) of a Ti-sapphire laser (Tsunami, SpectraPhysics, pulse-width ~ 80 fs) was used to pump the samples, while the time-delayed fundamental (λ = 800 nm)
laser beam was used to probe the dynamics by measuring the polar Kerr rotation by means of a balanced photo-diode detector, which completely isolates the Kerr rotation and the total reflectivity signals. The pump power used in these measurements is about 8 mW, while the probe power is much weaker and is about 1.5 mW. The probe beam is focused to a spot size of 800 nm and placed at the centre of each array by a microscope objective with numerical aperture N. A. = 0.65 and a closed loop piezoelectric scanning x-y-z stage. The pump beam is spatially overlapped with the probe beam after passing through the same microscope objective in a collinear geometry. Consequently, the pump spot is slightly defocused (spot size ~ 1 µm) on the sample plane, which is also the focal plane of the probe spot. The probe spot is placed at the centre of the pump spot as shown in Fig. 1(b) . A large magnetic field is first applied at a small angle (~ 15°) to the sample plane to saturate its magnetization. The magnetic field strength is then reduced to the bias field value (H = component of bias field along x-direction), which ensures that the magnetization remains saturated along the bias field direction. The bias field was tilted 15° out of the plane of the sample to have a finite demagnetizing field along the direction of the pump pulse, which is eventually modified by the pump pulse to induce precessional magnetization dynamics within the dots.
The pump beam was chopped at 2 kHz frequency and a phase sensitive detection of the Kerr rotation was used. -1  0  1  2  3  -3  -2  -1  0  1  2  3  60  80  100  120  140  160  180  200  220 
